Over the past decade, molecular understanding of the congenital muscular dystrophies (CMDs) has greatly expanded. The diseases can be classified into 3 major groups based on the affected genes and the location of their expressed protein: abnormalities of extracellular matrix proteins (LAMA2, COL6A1, COL6A2, COL6A3), abnormalities of membrane receptors for the extracellular matrix (fukutin, POMGnT1, POMT1, POMT2, FKRP, LARGE, and ITGA7), and abnormal endoplasmic reticulum protein (SEPN1). The diseases begin in the perinatal period or shortly thereafter. A specific diagnosis can be challenging because the muscle pathology is usually not distinctive. Immunostaining of muscle using a battery of antibodies can help define a disorder that will need confirmation by gene testing. In muscle diseases with overlapping pathological features, such as CMD, careful attention to the clinical clues (e.g., family history, central nervous system features) can help guide the battery of immunostains necessary to target an unequivocal diagnosis.
INTRODUCTION
Mutations of 12 genes are known to cause congenital muscular dystrophies (CMDs). An orderly classification is essential to contend with the complexity of these disorders ( Table 1) . The most logical is to divide the CMDs into genes affecting extracellular matrix proteins (LAMA2 gene encoding laminin a2, COL6A1, COL6A2, and COL6A3) versus genes affecting membrane receptors for the extracellular matrix, including those that modify dystroglycan glycosylation, i.e., dystroglycanopathies [fukutin, fukutin-related protein (FKRP), protein O-linked mannose b1,2-Nacetylglucosaminyltransferase 1 (POMGnT1), protein-O-mannosyltransferase 1 (POMT1), protein-O-mannosyltransferase 2 (POMT2), and LARGE], and ITGA7, the gene encoding integrin a7. By convention, mutations of selenoprotein N (SEPN1), a constituent of the endoplasmic reticulum, are also included in the CMDs and remain part of this review despite overlap with the congenital myopathies (multi-minicore disease).
DEFECTS IN EXTRACELLULAR MATRIX PROTEINS
Laminin a2 or Merosin Deficiency (MDC1A) Laminins are glycoproteins that, along with collagen IVs, form the scaffolding backbone of the basal lamina that surrounds individual myofibers [1] (Fig. 1) . Each laminin is a heterotrimer composed of a heavy chain (a) and 2 light chains (b and c). The major laminin of adult skeletal muscle is laminin-2 (or merosin), which is composed of the a2, b1, and c1 chains. Only mutations of LAMA2 gene encoding laminin a2 (also referred to as merosin) cause muscular dystrophy. Laminins are secreted by myofibers and integrate into the basal lamina, where they bind to other extracellular matrix (e.g., collagen IV, agrin) and transmembrane proteins (e.g., dystroglycan, integrin a7b1), many of which are also related to CMD phenotypes.
Clinical features MDC1A, the single most common form of CMD [2] , is caused by laminin a2 or merosin deficiency. Typically patients are hypotonic at birth or shortly thereafter. A history of decreased fetal movements is not unusual. Facial, proximal, and distal limb muscles are affected. Contractures involve elbows, hips, knees, and ankles. Decreased suck and swallow may necessitate a feeding tube. Most patients achieve independent sitting, but fewer than 10% will learn to walk even a few steps [3] . Muscle strength tends to be static for long periods. Life-threatening problems relate to respiratory compromise. This may be improved with continuous positive airway pressure or bi-level positive airway pressure, but many patients require tracheostomy and assisted mechanical ventilation. Death may occur in the 1st decade or anytime thereafter after repeated episodes of pulmonary infection.
Clinically, most patients with complete laminin a2 deficiency are mentally normal, but learning disabilities and mental retardation have been reported [4] . Epilepsy has been estimated to occur in about 6% to 8% of cases, and the seizures are both partial and complex, with no consistent pattern [4] [5] [6] . Despite a minority with clinical central nervous system findings, a consistent finding common to all patients after 6 months of age is the presence of cerebral white matter abnormalities by magnetic resonance imaging (MRI) and computed tomography (Fig. 2 ). The changes are usually widespread, often most marked in the periventricular and frontal U fibers [7] [8] [9] and thought to be related to altered water distribution resulting from decreased laminin a2 in the extracellular matrix around cerebral blood vessels, which form the blood brain barrier [10] . Structural brain changes have been reported in occasional cases, and these include mild ventricular enlargement, focal cortical dysplasia, occipital polymicrogyria, and hypoplasia of pons and cerebellum [11, 12] .
The peripheral nerve may be affected in laminin a2 deficiency [13] [14] [15] [16] [17] . Initial reports emphasized a motor neuropathy, but sensory fiber involvement is well documented [17] . The sural nerve shows reduction in the number of myelinated nerve fibers and short internodal segments in relation to fiber diameter, excessively wide nodes of Ranvier, and variability in myelin thickness with redundant folds and tomacula [17] . Laminin a2 is absent in the basement membrane surrounding Schwann cells and myelin sheath.
Clinically there has been no apparent cardiomyopathy in MDC1A, despite expression of laminin a2 in the heart. However, cardiac function by echocardiography demonstrates reduction in ejection fraction (43% 6 11%) compared with controls (53% 6 5%, P ¼ 0.03) [18] .
Late-onset disease with more favorable prognosis has been described in partial laminin a2 deficiency [19, 20] .
Genetics
Laminin a2 deficiency is inherited as an autosomal recessive disorder caused by mutations of the LAMA2 gene linked to chromosome 6q22-q23. Mutations of LAMA2 result in complete or partial laminin a2 deficiency; occur without identified hotspots; and include nonsense, missense, deletion, and splice-site mutations [8, 9, [21] [22] [23] .
Molecular pathogenesis
The pathogenesis of MDC1A is not fully understood, but the structural organization of laminin-2 speaks to its critical interaction with proteins responsible for muscular dystrophies of varying types, including other CMDs ( Fig. 1 ). Two important transmembrane proteins, a-dystroglycan and integrin a7b1, bind to laminin a2 through the G domains at its C-terminal. Disruption at these sites putatively contributes to loss of integrity of the sarcolemma. Loss of laminin a2 may also lead to an upregulation of laminin forms containing other laminin a chains in the muscle basal lamina (e.g., laminin a4) [24] that may ameliorate muscle pathology. Upregulation of laminin-binding proteins, for example, agrin, in skeletal muscles of the dy/dy mouse model for MDC1A significantly reduces the extent of muscle pathology [25] .
Experimental models are available to further study laminin a2 deficiency in a variety of species, including dogs, cats, and mice [26] [27] [28] . Laminin a2-deficient mice share a dystrophic phenotype characteristic of the human disease and also demonstrate abnormalities in peripheral nerve myelination [29] . The majority of nerve fibers in the dorsal and ventral spinal roots at cervical, thoracic, lumbar, and sacral levels lack Schwann cells with resultant amyelination. Motor nerve conduction velocity is reduced by 25% to 30% [30] , and there is widening of the nodes of Ranvier. The latter is also seen in the peripheral nerves of children with MDC1A, although amyelinated nerve roots are not encountered. Aberrant myelination in laminin a2 deficiency is related to the loss of basement membrane, a prerequisite for normal myelination [31] .
Muscle Pathology
The muscle shows variability in fiber size with endomysial and perimysial connective tissue proliferation and fat infiltration in areas of muscle fiber loss ( Fig. 3 ). Varying degrees of necrosis and regeneration are encountered. The changes can occur in an inflammatory milieu (especially in neonates), leading to a false diagnosis of infantile polymyositis [32] . Neurogenic changes may also be seen due to the concomitant abnormalities in nerves. Immune stains require a panel of antibodies to establish a specific diagnosis. With complete deficiency of laminin a2, both the C-terminal (80 kDa) and N-terminal (300 kDa) antibodies to this protein will fail to stain muscle fibers ( Fig. 4 ). In contrast, the light chains of laminin-2 (b1 and c1) will be preserved, and other laminin a chains (a4 and a5, in particular) are upregulated [24] . Western blots can be used to good advantage in problem cases or to reinforce findings by immune stains of tissue sections. Irrespective of the staining pattern, the tissue findings should be confirmed by mutation analysis.
Skin biopsy provides a less invasive method of establishing a diagnosis in cases with complete laminin a2 deficiency [33, 34] (Fig. 5 ). Laminin a2 will be absent from the basement membrane at the junction of the epidermis and dermis and from epithelial cells surrounding hair follicles. There is no known associated cutaneous pathology. 
Ullrich Congenital Muscular Dystrophy (UCMD)
Ullrich's insightful observations lead him to describe this disorder in 1930 [35] . He predicted an abnormality in connective tissue formation upon careful examination of a patient who died of pneumonia at age 14 months. Although his observations were astute, his suggested designation for the disease, ''congenital atonic-sclerotic muscular dystrophy,'' has fortunately been abandoned.
Clinical features
Typically patients with UCMD present in the neonatal period with hypotonia, muscle weakness, proximal joint contractures, and kyphosis of the spine. Congenital hip dislocation may be present. The distal joints present a contrasting feature with their hyperextensibility. The foot has a striking appearance because of a protruding calcaneous. Weakness can be severe, and children typically never achieve the ability to walk independently or do so for only short periods [36, 37] . Mental capabilities are normal and brain MRI is normal. Disease progression results in contractures in fingers and heel cords that were previously hyperextensible. Spinal rigidity and scoliosis become more apparent [38] . Skin changes, particularly follicular hyperkeratosis (keratosis pilaris) over the extensor surfaces of the arms and legs, represent a consistent manifestation of UCMD. There is also a tendency toward keloid formation [39] . Respiratory failure related to poor expansion of chest wall and diaphragm muscle weakness leads to life-threatening infections in the 1st or 2nd decade [39] .
Bethlem myopathy is a milder disorder, allelic to UCMD [40] , inherited as an autosomal dominant condition. Although originally described as a benign disorder, additional experience reveals a slowly progressive condition leading to a need for ambulatory aids in more than two thirds of patients older than 50 years of age. It is not strictly a CMD, and space constraints preclude further discussion in this review [41] .
Genetics UCMD is generally considered to be an autosomal recessive disorder (see exceptions below) that involves the collagen VI genes (COL6A1, COL6A2, and COL6A3). As a ubiquitous extracellular matrix protein, collagen VI forms a microfibrillar network in close association with several other matrix constituents [42, 43] . It is composed of 3 different peptide chains: a1(VI) and a2(VI), both 140 kDa in size, and a much larger a3(VI) at 260 to 300 kDa [44] . The a1(VI) and a2(VI) chains are encoded by COL6A1 and COL6A2, respectively, positioned head to tail on chromosome 21q22.3 [45] . COL6A3 locus is on chromosome 2q37. Mutations have been found in all 3 genes [46] [47] [48] . In some patients, the finding of only a single mutation suggests that some mutations may act in a dominant mode [48] .
Molecular pathogenesis
As an extracellular matrix protein, collagen VI is uniquely positioned to have a profound effect on both the muscle fiber and the surrounding connective tissue ( Fig. 1 ). Direct effects on the muscle have been reproduced in targeted gene disruption of COL6A1 in the mouse, exhibiting muscle fiber necrosis with regeneration and variation in muscle fiber size, and reduced contractile force [49] .
Collagen VI mutations impair microfibrillar assembly by more than 1 mechanism. Some result in multiple aberrant transcripts that produce a truncated mRNA degraded through nonsensemediated decay [50] . Others appear to have a dominant-negative effect [51] .
Muscle pathology
The changes in the muscle range from mildly myopathic (limited to fiber size variability and scattered necrotic fibers) to overtly dystrophic with prominent endomysial and perimysial connective tissue proliferation with fat replacement. Although these findings are by no means specific, if accompanied by reduced or absent collagen VI staining, the diagnosis can be strongly implicated ( Fig. 6 ) [52] [53] [54] [55] . Rarely, collagen VI can be absent from the sarcolemmal basement membrane but not from the interstitium [56] . Expression of perlecan, collagen IV, and laminin a2 is normal in UCMD. If the biopsy demonstrates an abnormal pattern of collagen VI staining, molecular diagnostic confirmation should be pursued.
DEFECTS IN EXTRACELLULAR MATRIX RECEPTORS
The dystroglycanopathies The dystroglycanopathies are so named because all disorders center on genes that modify the glycosylation of a dystroglycan, a cell surface receptor for a number of extracellular matrix proteins, including laminin. Aberrant modification of a-dystroglycan by tissue-specific deletions in mouse muscle or brain resembles the underlying cellular pathology observed in clinical phenotypes.
Glycoproteins
Proteins with covalent links to carbohydrates (or sugars) are classified as glycoproteins. Between 0.5% and 1% of the genes in the human genome encode proteins that are involved in the synthesis, degradation, and function of glycoconjugates [57] . Dystroglycan, encoded by DAG1, is the focal point of the glycosylation defects leading to muscular dystrophy. Post-translational modification cleaves a single polypeptide into 2 proteins: a-dystroglycan and b-dystroglycan. a-dystroglycan is a secreted component that lies outside the muscle cell. It binds tightly but noncovalently to b-dystroglycan, which is a transmembrane protein. This complex of aand b-dystroglycan chains serves as a vital component of the dystrophin glycoprotein complex that links the extracellular matrix to the actin cytoskeleton ( Fig. 1) . a-dystroglycan is heavily glycosylated and serves as a receptor for several proteins in the extracellular matrix that include laminin, neurexin (a family of neuronal-cell-surface proteins), agrin (a synaptic glycoprotein involved in the formation of neuromuscular junctions), biglycan (a small proteoglycan in the connective tissue), and perlecan (a ubiquitous heparan sulfate proteoglycan). b-dystroglycan, in turn, associates with a number of intracellular proteins, including dystrophin, that link the complex to filamentous actin. Increasingly, it is becoming apparent that dystroglycan not only serves a vital structural role in the membrane but also may subserve important roles in cell signaling. For example, dystroglycan can affect signaling via trimeric G proteins [58] , Ras [59] , Rac [60] , Erk-MAP kinases [61] , Akt/PI3 kinases [62] , and Grb2 [63, 64] .
Dystroglycan and its sugar chains There are 3 major groups of sugar-peptide linkages, N-linked glycans, O-linked glycans, and glycosaminoglycans (or GAGs, which are the sugar linkages found on proteoglycans). Both aand bdystroglycan have been shown to contain N-linked glycans, and a-dystroglycan is also highly glycosylated with several types of O-linked glycans. No evidence has been found that either aor bdystroglycan possess glycosaminoglycans [65] . In N-glycans, the reducing terminal N-acetylglucosamine (GlcNAc) is linked to the amide group of asparagine (Asn), via an aspartylglycosylamine linkage. In O-glycans, the reducing terminal sugar is usually N-acetylgalactosamine (GalNAc), which is attached to the hydroxyl group of serine (Ser) and threonine (Thr). In addition to O-linked GalNAc, other less common types of protein O-linked glycosylation also exist. O-linked mannose is one such linkage. In mammals, O-linked mannose has been found only on a limited number of glycoproteins, despite the fact that it is a more ubiquitous type of modification in lower organisms, such as yeast [66] . a-dystroglycan is the most extensively studied O-mannosyl-containing glycoprotein. Figure 7 summarizes the biosynthetic pathway of O-mannosyl glycans on a-dystroglycan in mammals. This same pathway has been described for a-dystroglycan in brain, peripheral nerve, and skeletal muscle [67] [68] [69] [70] . The 1st step requires the coexpression of protein-O-mannosyltransferase 1 (POMT1) and protein-O-mannosyltransferase 2 (POMT2) [71] . Mutations in either gene can cause Walker Warburg syndrome (WWS) [72] . In step 2, abnormalities in protein O-linked mannose b1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) cause muscle-eye-brain (MEB) disease [73] . The 3rd and 4th steps, which synthesize b1,4-linked galactose and a2,3-linked sialic acid, are found on multiple types of N-and O-linked glycoproteins. Therefore, only steps 1 and 2 are unique to adystroglycan glycosylation, making defects in these steps the only ones likely to cause dystroglycanopathies. In addition, 3 other human dystroglycanopathy-related CMDs have mutations in genes encoding putative glycoslytransferases: fukutin (FCMD), FKRP (MDC1C), and LARGE (MDC1D). Although these genes perturb dystroglycan glycosylation, their function is not known. Cardiomyopathy is common and may lead to congestive heart failure [74] . Most patients die by 20 years of age.
Severe mental retardation is characteristic, with IQ scores between 30 to 50. Seizures occur in 80% of patients, usually with onset at about 3 years of age [75] . Ocular abnormalities are present about 50% of patients, but in contrast to WWS, these patients are not blind. Abnormalities include high myopia, optic atrophy, and retinal changes (detachment, folding, fusion, or dysplasia) [76] . Cataracts are seen in some patients.
The most common and characteristic changes in the central nervous system are brain malformations, including polymicrogyria, pachygyria, and agyria of cerebrum and cerebellum (type II lissencephaly) with a highly disorganized cerebral cortex showing no recognizable lamination. In addition, neuronal overmigration into and within the leptomeninges, hydrocephalus, focal interhemispheric fusion, fusion of cerebellar folia, and hypoplasia of the corticospinal tracts are seen.
Genetics FCMD is the most common autosomal recessive disorder in Japan (incidence is 0.7 to 1.2 per 10,000 births). It is caused by mutations of the FUKUTIN gene on chromosome 9q31 [77] [78] [79] . FUKUTIN encodes a protein of 461 amino acids with a predicted molecular weight of 56 kDa. A founder haplotype common to 87% of the FCMD alleles consists of 3-kb retrotransposal insertion of a tandemly repeated sequence located in the 3 0 untranslated region of the gene (77) . Other FCMD alleles include nonsense or missense mutations, insertions, and deletions [80, 81] . Rarely, ethnic groups outside of Japan have been diagnosed with this disorder [82] .
Molecular pathogenesis FCMD, like other dystroglycanopathies (Table 1) , shares an abnormally glycosylated a-dystroglycan protein. FUKUTIN encodes a putative glycosyltransferase based on primary sequence analysis. The muscles of FCMD patients show reduced expression of glycosylated a-dystroglycan [83] , although expression of a-dystroglycan polypeptide is present, along with b-dystroglycan, in the sarcolemmal membrane. Loss of glycosylation impairs binding of laminin a2 to a-dystroglycan. Consequently there may be secondary reduction in laminin a2 and basal lamina disruption [84] [85] [86] [87] . This finding is a central theme common to all variants in this group of CMD. With regard to central nervous system findings, abnormal neuronal migration can be induced by brain-specific disruption of a-dystroglycan in mice, implicating aberrant glycosylation of dystroglycan in lissencephaly type II [86] .
Muscle pathology
As a group, there are more similarities than differences in the muscle pathology of the dystroglycanopathies. Variations relate to causal mutations and related amount of residual glycosylated a-dystroglycan. In FCMD the muscle biopsy shows active muscle fiber degeneration (necrosis of individual fibers) accompanied by muscle regeneration. Fiber size variability is present with numerous hypertrophic fibers. There is increased endomysial and perimysial connective tissue and fat that replaces lost muscle tissue. By immunohistochemistry the sarcolemma shows normal expression of b-dystroglycan accompanied by absent or reduced glycosylated a-dystroglycan ( Fig. 8) with preservation of core a-dystroglycan staining. In addition, the a-dystroglycan shows a shift in electrophoretic mobility [87] .
Muscle-eye-brain (MEB) disease Clinical features MEB disease is a disorder mainly seen in Finland [88] [89] [90] [91] [92] . The most profoundly affected patients exhibit decreased fetal movements in utero followed by marked hypotonia in the neonatal period. Impaired motor development results in a persistent bedridden state with profound facial and neck weakness and inability to turn over or even sit up. Many of the severely affected infants will die during the 1st year of life. In others, sitting may be achieved with minimal ambulation and speech development limited to a few spoken words [93] . In most cases life expectancy parallels that seen in FCMD, with death in late teenage years or early adulthood.
Seizures and mental retardation are common and represent the clinical manifestations of the neuronal migration disorder with lissencephaly type II. In MEB disease the brainstem is characteristically flattened. Visual impairment is caused by progressive myopia associated with retinal degeneration but does not reach the level of gravity seen in WWS. Optic colobomas, glaucoma, and cataracts are common [91, 92] .
Genetics MEB disease is inherited as an autosomal recessive disorder with linkage to 1p34-p32 [94] . Loss-of-function mutations of POMGnT1 cause the disease. The spectrum of molecular defects includes nonsense, splice-site, exon skipping, and deletion mutations [93, 95] . Recently a compound heterozygous missense mutation was associated with a disorder exclusively affecting the central nervous system without muscle involvement [96] .
Most MEB disease patients have come from a small, isolated population in Finland, but it is now recognized that the disorder has a more widespread distribution, with patients reported from Italy, Belgium, Korea, Japan, and the United States [93, 96] . FKRP gene mutations, usually associated with MDC1C, a disease without structural brain abnormalities, have also been reported as a cause of MEB disease [97] .
Molecular pathogenesis
In MEB disease, the pathogenic events closely parallel those seen in FCMD. POMGnT1 is a glycosyltransferase responsible for the 2nd step in the biosynthesis of mammalian O-mannosyl glycans ( Fig. 7) . A loss of function mutation of this critical enzyme leads to a dramatic loss of glycosylation on muscle a-dystroglycan with reduced laminin a2 binding [87] . MEB disease can be diagnosed using an enzyme assay for POMGnT1 activity to show loss of function (or reduced function) in cultured fibroblasts or lymphoblasts [98] . The downstream manifestations include abnormal neuronal migration and skeletal muscle degeneration.
Muscle pathology
The muscle biopsy changes in MEB disease are not distinctly different from those described in FCMD. There is muscle necrosis, regeneration, and endomysial and perimysial fibrosis with fat replacing lost muscle fibers. Laminin a2 staining and glycosylated a-dystroglycan are reduced to absent with preservation of core a-dystroglycan.
Walker-Warburg Syndrome (WWS)
Clinical features Walker originally reported the CNS manifestations of WWS in 1942 [99] , but the muscular dystrophy component went unheralded for 40 years [100] . At that time diagnostic criteria for WWS were suggested to include type II lissencephaly, cerebellar abnormalities, retinal defects, and congenital muscular dystrophy [100] . Typically WWS is considered to be the most severe of the dystroglycanopathies. At birth patients lack spontaneous movements, with weak cry and suck, marked hypotonia, and inability to see. Microcephaly may be apparent and hydrocephalus, often related to aqueductal stenosis, represents a serious complication. Ocular abnormalities include microphthalmia, cataracts, iris malformations, and glaucoma. Retinal dysplasia with or without retinal detachment is typical with colobomas of the retina and hypoplastic optic nerves [101] . Cleft lip and palate and occipital encephalocele may distinguish WWS from other dystroglycanopathies [102] .
The brain abnormalities include complete lissencephaly type II combined with pontocerebellar hypoplasia, with a Dandy-Walker malformation in 15% to 20%. The cerebellar cortex shows distortion of layering, malformation of dentate nucleus, and numerous cysts representing trapped arachnoid from aberrant neuronal migration [103] . Pyramidal tract hypoplasia is typical.
Recent reports expand the phenotype of WWS to include milder cases consisting of muscular dystrophy, microcephaly, and mental retardation in the absence of widespread structural brain abnormalities. These patients also exhibit fewer eye abnormalities, with myopia as the predominant clinical feature [104] .
Genetics
WWS is inherited as an autosomal recessive disorder with both phenotypic and genetic heterogeneity. POMT1 mutations (chromosomal locus 9q34.1) represent 1 cohort [105, 106] but by no means account for the majority of cases. POMT2 mutations (chromosomal locus 14q24.3) cause an indistinguishable clinical disorder [107] , and fukutin mutations also account for some cases of WWS [108, 109] . Adding further complexity, homozygous FKRP mutations have been reported with WWS [97] .
Molecular pathogenesis
The consequences of hypoglycosylation of adystroglycan as described for the other dystroglycanopathies are responsible for the brain and muscle complications of WWS.
Muscle pathology
The changes in the muscle are indistinguishable from the other dystroglycanopathies. Antibody stains show markedly reduced to absent glycosylated a-dystroglycan, preservation of core adystroglycan, secondary decreased laminin a2, and normal b-dystroglycan.
Congenital Muscular Dystrophy Type 1C (MDC1C) FKRP mutations provide a wide spectrum of phenotypic heterogeneity ranging in severity from the congenital muscular dystrophy (MDC1C) to a milder disease without central nervous system involvement classified with limb girdle muscular dystrophy, (LGMD2I) [110] . Due to space limitations, the milder phenotype will not be discussed in this review.
Clinical features
The hallmarks of MDC1C are severe muscle weakness and respiratory muscle compromise. In the neonatal period, hypotonia and feeding difficulties are apparent [111] . Motor milestones are markedly hampered by the dystrophic process. Children usually achieve independent sitting and may even take a few steps, but they never attain functional ambulation. Facial muscles are weak. Muscle hypertrophy may be present in the calf muscles or other lower limb muscles, and in some cases the tongue may be affected. Weak respiratory muscles result in pulmonary compromise [112] , representing the most likely cause of death in the 1st decade or shortly thereafter. A dilated cardiomyopathy can add to their debilitated condition [113, 114] . Cognitive development and vision are normal. Having said that, 1 variant was described with microcephaly, mild mental retardation, and cerebellar cysts, enlarging the spectrum of this congenital form of the disease [115] .
Genetics
MDC1C is inherited as an autosomal recessive disorder with linkage to chromosome 19q13.3. Mutations of the FKRP gene include homozygous and heterozygous missense and nonsense mutations [115] [116] [117] .
Molecular pathogenesis FKRP encodes for a putative glycosyltransferase, the precise function of which is unknown. Overwhelming evidence, however, points to defects in glycosylation as the cause for the patient symptoms. The best evidence comes from side-by-side comparisons of muscle between the severe congenital muscular dystrophy, MDC1C, showing a marked reduction of glycosylated a-dystroglycan and the milder LGMD2I cases with subtle changes in this protein [118] . Recent work by Muntoni and colleagues [119] suggests that FKRP protein is localized to the Golgi in human skeletal muscle and that its localization is unchanged in MDC1C. Thus, mutations in FKRP giving rise to MDC1C are due to loss of function and not mislocalization to the endoplasmic reticulum, as previously reported [120] .
Muscle pathology
The muscle pathology in MDC1C has no specific features by which to distinguish it from more severe CMD phenotypes with central nervous system involvement. Similar to these disorders, there is secondary deficiency of laminin a2 expression. In addition, there is a marked decrease in immunostaining using antibody to glycolsylated a-dystroglycan associated with a reduction in its molecular weight on western blots [117] (Fig. 8) . b-Dystroglycan staining is normal.
Congenital Muscular Dystrophy Type 1D (MDC1D) Clinical features
Only a single patient has so far been recognized with this form of dystroglycanopathy [121] . A 17year-old girl had no recognized problems at birth but was found to be developmentally delayed at 5 months of age. She could not sit unsupported until she was 2.5 years of age and was not independently ambulatory until 4.5 years of age. Maximal motor function was achieved by 9 years of age when she was able to walk 200 yards, after which she gradually worsened. She had mild facial muscle weakness and muscle hypertrophy affecting the quadriceps and calf and arm muscles. Contractures were seen at ankles and elbows.
The patient was profoundly mentally retarded, with understanding limited to simple 1-step commands. Mirror movements were present in the upper limbs, and the fingers were held in a flexed position, with thumbs adducted. Gait was spastic, and muscle stretch reflexes were exaggerated with extensor plantar responses. Brain MRI showed minimal changes at 4 years of age but in teenage years showed extensive and symmetrical cerebral white matter changes sparing the internal capsule, corpus callosum, optic radiations, and infratentorial structures. In addition, neuronal migration defects consisting of mild pachygyria with moderately thickened cortex in the frontal lobes and mildly simplified gyri with shallow sulci in the posterior frontal, temporal, and parietal regions.
Genetics
A compound heterozygous mutation of the LARGE gene (chromosomal locus 22q12), missense at 1 allele and a 1-bp insertion at the other, was found in this patient. The human LARGE gene was named because it spans more than 660 kb of genomic DNA, although the mRNA is only about 4.4 kb [122] . LARGE also causes myodystrophy or myd, a mouse mutant with skeletal and cardiomyopathy [123] .
Molecular pathogenesis LARGE is considered to represent another putative glycosyltransferase, but further studies are required to better understand the pathogenesis of MDC1D. LARGE has 2 putative glycosyltransferase domains. The tandem nature of the primary sequence suggests that LARGE may be responsible for 2 glycosylation events, such as the synthesis of a disaccharide. Overexpression of LARGE in nonmuscle cells and in cells from patients with FCMD, MEB disease, and WWS can stimulate glycosylation of a-dystroglycan and rescue laminin binding [124] . Thus, not only can LARGE stimulate the glycosylation of a-dystroglycan, but its overexpression can overcome the glycosylation defects caused by other dystroglycanopathy genes. How LARGE functions, therefore, will be important not only in defining the molecular basis for pathology in MDC1D but also for developing therapeutic strategies in related disorders.
Muscle pathology
Muscle biopsy showed reduced staining of adystroglycan. The extent of this reduction varied, with some fibers almost negative and others showing residual labeling, which was discontinuous through the basement membrane. Laminin a2 and b-dystroglycan expression were normal.
Integrin a7 deficiency

Clinical features
No clear phenotype has emerged in the cases reported with absent integrin a7 [125, 126] , making it a candidate disorder but not part of the official CMD classification [2] . Patients reported include (1) a 4-year-old boy with delayed motor milestones and mental retardation; (2) an 11-year-old girl with normal intelligence, congenital hip dislocation, and torticollis who did not walk until age 2; (3) a patient with hypotonia and torticollis at birth, delayed motor milestones, and ability to walk with support at age 5; and (4) a 4th patient with multiple joint contractures and respiratory insufficiency.
Genetics
Integrin a7 is linked to chromosome 12q13. The disease has been reported in 4 isolated patients without apparent gender preference [125, 126] . The children were the products of nonconsanguineous parents. Mutations included deletions, splice-site mutations, and heterozygous missense mutations.
Molecular pathogenesis
Integrins are heterodimeric transmembrane glycoproteins consisting of an a and b chain. The a7 subunit is mainly expressed in skeletal and cardiac muscle, while the b1 chain is expressed throughout the body. Integrin a7b1 in skeletal and cardiac muscle binds via its extracellular domain to laminins, including laminin a2, and via its cytoplasmic domain to cytoskeletal-associated proteins [127] (Fig. 1) . Like the dystrophinglycoprotein complex, integrin a7b1 contributes to the overall integrity of the sarcolemma, each acting as an independently controlled laminin receptor. Mice that lack integrin a7 develop a mild but progressive form of muscle disease with similarities to the clinical condition [128] . Studies have raised the possibility that integrin a7b1 may functionally compensate for loss of the dystrophinglycoprotein complex. Increased staining intensity of integrin a7b1 has been observed in Duchenne patients and mdx mice [129] . In addition, overexpression of integrin a7 improves mobility and increases life span in the dystrophin-utrophin double-mutant mice, supporting a compensatory role for integrin a7b1 in restoring muscle integrity.
Muscle pathology
The muscle biopsy features in patients with integrin a7 deficiency have not evolved to a level enabling a confident diagnostic pattern. Fiber size variability and type-1 predominance, both very nonspecific features, have been reported; fibrofatty replacement of muscle was described in the biopsy of the 11-year-old child [125] . Antibody staining for integrin a7 has been highly variable, especially in the 1st 2 years of life and may not be a reliable marker. In addition, laminin a2 appears to be preserved in these cases. Overall, more experience is needed to establish this disorder as a specific nosologic entity.
Rigid Spine with Muscular Dystrophy Type I (RSMD1): Deficiency of Selenoprotein N The features of the ''rigid spine syndrome'' [130] , as originally described by Dubowitz including spinal rigidity with varying degrees of limb contractures, are not unique to 1 single entity. They occur in X-linked and autosomal dominant Emery-Dreifuss muscular dystrophy, nemaline myopathy, multiminicore disease, Bethlem myopathy, and others ( Fig. 9 ) [131, 132] . In contrast, rigid spine muscular dystrophy type 1 (RSMD1) is a distinct disorder linked to chromosome 1p35 with a mutation in SEPN1 [133] .
Clinical features
Hypotonia, neck weakness, early scoliosis, muscle weakness, and respiratory insufficiency dominate the clinical picture in RSMD1 [131, 132] .
At birth or in the neonatal period, hypotonia and poor head control are recognized. Motor milestones are usually not delayed. As the name implies, rigidity of the spine is a characteristic feature, and this evolves to scoliosis in most patients. Proximal weakness of the limbs can be significant, with resultant waddling gait and Gowers' sign. Contractures of the extremities are mild, often including heel cord tightness. The temporomandibular joint may be affected, with limitation of mouth opening [134] . Respiratory failure can be significant in the 1st decade, related to stiffness of the rib cage and diaphragm muscle weakness, requiring nocturnal ventilatory assistance [132] .
A late-onset variant has been described in a 26-year-old person with rapidly progressive respiratory and right heart failure with cough, orthopnea, interrupted sleep, morning headaches, and daytime somnolence [135] .
Genetics
The disease is inherited as an autosomal recessive disorder. RSMD1 was the preferred name by the Human Gene Organization Nomenclature Committee (over RSS because of a previously assigned designation, Russell-Silver-Syndrome) [136] . Frameshift, nonsense, and missense mutations of the gene encoding selenoprotein N (SEPN1) were originally identified in 3 Turkish and 2 Iranian families [137, 138] . More recently a novel mutation was found in the hairpin structure of a 3 0 untranslated region of SEPN1 mRNA, resulting in reduced mRNA and protein in a patient with a mild phenotype [139] .
Mutations in SEPN1 also cause multiminicore disease [140] and a desmin-related myopathy with Mallory body-like inclusions [141] .
Molecular pathogenesis
As a cause for CMD, the protein involved in RSMD1 is quite distinct from the others so far discussed. Little is known about the pathogenic mechanism of the SEPN1-related myopathies. It has been established that the protein product of SEPN1 presides in the endoplasmic reticulum [142] . This localization suggests a role in membrane trafficking, protein processing, and regulation of calcium homeostasis. All of these functions are important in muscle function, but further studies are necessary to unravel the pathogenesis of this form of CMD.
Muscle pathology
Fiber size variability and type-1 fiber predominance are the usual features with variable findings, such as muscle fiber necrosis and regeneration, and endomysial connective tissue proliferation [142] . In one form of SEPN1-related myopathy, a congenital myopathy, multiminicore disease, with nondystrophic pathology is seen (multiple corelike areas of sarcoplasmic disorganization associated with mitochondrial depletion) [143] .
Conclusions
Over the past decade, the understanding of the CMDs has rapidly expanded. The classification includes 3 major groups of disorders: abnormal extracellular matrix proteins, defects in glycoslyated dystroglycans, and an abnormal endoplasmic reticulum protein. The 1st 2 groups involve highly integrated proteins, all potentially linking the extracellular matrix to the muscle cytoskeleton. Furthermore, when defects in glycosylation are severe, neuronal migration is affected and collectively recognized as the type-II lissencephaly spectrum, encompassing cobblestone polymicrogyria-pachygyria on one end and complete agyria on the other. In group 3, the abnormal protein product of the SEPN1 gene is somewhat disconnected from the other CMDs. Even the muscle cannot be considered dystrophic (and with overlap to the spectrum of disease better labeled as a congenital myopathy, i.e., multiminicore disease).
In the big picture, looking at the muscle biopsy can help identify the dystrophic process in the 1st 2 groups of diseases, and a panel of antibodies directed at laminins and dystroglycans can be useful for providing direction toward making a molecular diagnosis needing confirmation by DNA tests. In the 3rd group, SEPN1 mutations, the pathology is very nonspecific and will require a strong clinical suspicion unless multiminicores are present to direct the work up. 
